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Glutathione peroxidase (GPX) plays a pivotal role in the protection of cells against oxidative damage. The
green alga Chlamydomonas reinhardtii expresses both selenocysteine-containing GPX and the non-sele-
nium GPX homolog (GPXH). We previously reported that supplementation of selenium to algal culture
induces GPXH to exhibit GPX activity. Here we investigated the incorporation of selenium into GPXH and
its causal relationship with the upregulation of the enzymatic activity. GPXH was puriﬁed from algal cells
grown with selenium and proteolytically digested into four fragments. Selenium content analysis for
these proteolytic fragments conﬁrmed that GPXH-incorporated selenium is predominantly enriched in a
fragment that carries the putative catalytic residue Cys-38. We next constructed three kinds of en-
gineered GPXH proteins by substituting Ser for one of three Cys residues in native GPXH, Cys-38, -66, and
-84, using a bacterial overexpression system, resulting in Cys38Ser, Cys66Ser, and Cys84Ser derivatives,
respectively. Of these, the Cys66Ser and Cys84Ser derivatives exhibited the same level of selenium-de-
pendent GPX activity as the normal recombinant GPXH, whereas the Cys38Ser mutant GPXH not only
lost its activity completely but also demonstrated severely impaired incorporation of selenium. These
ﬁndings strongly suggest that selenium is post-translationally assimilated into the Cys-38 of the GPXH
protein, thereby enhancing its enzymatic activity.
& 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
GPX catalyzes the reduction of H2O2 and organic hydroper-
oxides with reduced glutathione. Since the discovery of GPX [1], it
has been intensively studied and demonstrated to be essential in
the organism's defensive response to oxidative stress [2,3].
Mammalian GPX isozymes, except for epididymal secretory GPX,
contain selenocysteine in their primary structure; the selenocys-
teine residue is found in the active site and is crucial for their
biological activity [2,4]. In all organisms where selenocysteine-
containing proteins (selenoproteins) have been found, this rare
amino acid is encoded by an in-frame UGA codon that is usually a
translational stop codon; however, the presence of a unique stem-
loop structure in the mRNA designated as the selenocysteine in-
sertion sequence element precludes translational termination and
promotes selenocysteine insertion into the growing polypeptide
chain [5–7]. So far, known selenoproteins are of animal and bac-
terial origin; the presence of selenocysteine has not been clearly
identiﬁed in any plant or yeast proteins [8]. As for GPX, numerousan open access article under the C
XH, glutathione peroxidasegroups have cloned GPX-like homologs from plants and yeast, al-
though all these genes encode Cys rather than selenocysteine in
their putative catalytic site [9–19]. However, the green alga Chla-
mydomonas reinhardtii has exceptionally been demonstrated to
express selenocysteine-containing GPX and possess the seleno-
cysteine insertion system [20,21].
We have previously found that GPX-like activity was induced
by growing C. reinhardtii in the presence of selenite [22]. This GPX-
like protein is strictly compartmentalized to the cytosol in contrast
to the predicted localization of the above mentioned selenopro-
tein-type of GPX to the mitochondria [20] and is closely related to
classical GPXs from mammals with respect to its enzymological,
physicochemical, and immunological properties [23,24]. There-
after, a cDNA clone encoding the algal GPX-like protein, tentatively
called the GPX homolog (GPXH), was isolated and characterized
[25]. The deduced amino acid sequence of GPXH was highly
homologous to GPX-like proteins from higher plants and yeast.
Moreover, GPXH was found to contain a Cys residue at position 38
from the N-terminal (Cys-38) in place of the catalytic selenocys-
teine in GPX as with other non-animal GPX homologs. As such, the
genome of C. reinhardtii encodes both GPX with co-translationally
inserted selenocysteine and its paralogous variant, GPXH, which is
independent of selenocysteine. Whereas GPXH requires inorganic
selenium for enzymatic activity despite the incompatibility of itsC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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lying process of such a non-canonical mode of selenium de-
pendency remains to be clariﬁed. In this study, we addressed the
molecular characterization of GPXH in terms of selenium in-
corporation and the functional link between selenium-mediated
modiﬁcation of GPXH and its GPX activity.2. Materials and methods
2.1. Organisms and growth conditions
Chlamydomonas reinhardtii Dangeard C9 was cultured on Al-
len's medium [26] supplemented with 17 mM sodium selenate to
induce GPX activity at 26 °C for 7 days under illumination at
240 mmol/m2/s and air bubbling at 4 L/min.
Escherichia coli BL21(DE3)pLysS transformants were grown in
LB medium at 37 °C. For protein overexpression, when bacterial
growth became equivalent to an A600 of 0.6, IPTG and sodium
selenite were added at 0.4 mM and 67 mM, respectively that was
followed by additional cultivation for 6 h.
2.2. Preparation of cell extracts
C. reinhardtii cells were collected by centrifugation at 3000 g
for 5 min, suspended in buffer A (0.1 M Tris–HCl, pH 8.2, and
containing 0.3 M sucrose and 5 mM glutathione), and then disin-
tegrated by sonication at 10 kHz for a total of 5 min with 10 in-
tervals of 30 s each. E. coli cells were harvested by centrifugation at
6,000 g for 10 min, suspended in buffer A, and then sonicated at
10 kHz for a total of 1 min with three intervals of 15 s each. For
both cell types, the cell extract was centrifuged at 12,000 g for
20 min, and the resulting supernatant was used for crude enzyme
preparation.
2.3. Enzyme assay
GPX activity was spectrophotometrically assayed at 30 °C in the
presence of glutathione reductase, which reverses oxidized glu-
tathione formed by GPXH catalysis, according to Takeda et al. [24].
The reaction mixture contained 0.1 M Tris–HCl at pH 8.2, 1 mM
glutathione, 0.4 mM NADPH, 0.2 mM H2O2, 1 unit of glutathione
reductase, and GPXH preparation in a total volume of 1 mL.
2.4. Puriﬁcation of GPXH from algal and bacterial cells
Crude enzyme solution was loaded onto a HiPrep Q XL 16/10
column (GE Healthcare) pre-equilibrated with the above men-
tioned buffer A. After washing the columnwith 60 mL buffer A, the
proteins were eluted with a linear NaCl gradient (0–300 mM,
216 mL) in buffer A. To the active fractions combined, ammonium
sulfate was added to 30% saturation, and the resulting precipitate
was removed by centrifugation at 100,000 g for 30 min. The
supernatant was charged onto a HiPrep Phenyl FF 16/10 column
(GE Healthcare) that was pre-equilibrated with buffer A containing
30%-saturated ammonium sulfate, followed by washing with
60 mL of the same buffer. Elution was performed with a linear
gradient of 30–0% ammonium sulfate saturation in buffer A
(216 mL). The active fractions were precipitated with buffer A
containing 80%-saturated ammonium sulfate and then dissolved in
2 mL of buffer A. The concentrated sample was applied on a Su-
perdex 200 Increase 10/300 GL column (GE Healthcare) that was
pre-equilibrated with buffer A containing 0.15 M NaCl. The column
was developed with the same buffer, and the active fractions were
saved as the puriﬁed enzyme preparation.2.5. Proteolysis and sequence analysis
Proteolysis of GPXH was performed with endoproteinase Arg-C
at an enzyme:substrate molar ratio of 1:100 for 18 h at 37 °C in
50 mM potassium phosphate buffer, pH 8.0. The degradation
products were separated by Tricine-SDS-PAGE and then trans-
ferred onto a PVDF membrane according to the method of Ploug
et al. [27]. For amino acid sequencing, each proteolytic fragment
was recovered by electroelution and subjected to an Applied Bio-
systems 492 A Sequencer. The peptide solution thus obtained was
also used for selenium content determination.
2.6. Experiments of molecular biology
For expression of recombinant GPXH protein, a synthetic DNA
fragment covering the C. reinhardtii GPXH coding sequence (DDBJ/
EMBL/GenBank Acc. no. AF014927) was cloned into pET3a (Takara
Bio) and transformed into E. coli BL21(DE3)pLysS. Site-directed
mutagenesis of recombinant GPXH was performed using the algal
GPXH cDNA sequence cloned into pET3a as a template and the
QuikChange Site-Directed Mutagenesis Kit (Agilent Technologies).
The oligonucleotide primers designed to replace Cys-38, Cys-66,
and Cys-84 with Ser were as follows: forward Cys38Ser, 5′-
GCTAGCAAGAGCGGCTTTACG-3′; reverse Cys38Ser, 5′-
CGTAAAGCCGCTCTTGCTAGC-3′; forward Cys66Ser, 5′-
GGCTTCCCCAGCAA CCAGTTTG-3′; reverse Cys66Ser, 5′-
CAAACTGGTTGCTGGGGAAGCC-3′; forward Cys84Ser, 5′-
GGGAGTTCAGCCAGCGCAAT-3′; reverse Cys84Ser, 5′-
ATTGCGCTGGCTGAACTCCC-3′ (The underlined bases indicate the
mutated ones). Introduction of the directed mutations was con-
ﬁrmed by DNA sequencing over the entire cDNA region.
2.7. Quantiﬁcation of selenium and protein
Selenium content in the protein was ﬂuorometrically assayed
using 2,3-diaminonaphthalene after digestion with HNO3 and
HClO4 according to the method of Bayﬁeld and Romalis [28].
Protein levels were determined by Bradford's method using bovine
serum albumin as the standard [29].3. Results and discussion
Our previous data revealed that the GPXH obtained from C.
reinhardtii cells cultured with selenite contains a stoichiometric
amount of selenium [23]. For the purpose of deﬁning the binding
site for selenium within the GPXH molecule, GPXH was puriﬁed to
homogeneity from selenium-supplemented algal cells and was
subjected to endoproteinase digestion (Fig. 1). As a result, four
species of peptide fragments, Peptides 1–4 (6.2 kDa, 3.0 kDa,
6.5 kDa, and 2.1 kDa in size), were generated, and each peptide
was identiﬁed by N-terminal sequencing (Fig. 2). We then de-
termined the selenium content in these peptides. Although
quantitative estimation of the selenium content was not possible
because of unintended release of the protein-bound selenium
during the sample preparation under rather harsh conditions, a
signiﬁcant amount of selenium was detected only in the 6.2 kDa
fragment, i.e., residues 1–57, that encompasses the putative GPXH
active site surrounding Cys-38, whereas only negligible amounts
of selenium were found in the other peptides (data not shown).
This result indicates that selenium is not inserted into GPXH in a
non-speciﬁc manner but is regionally targeted to the catalytically
essential moiety of the enzyme.
Based on the above ﬁnding, using recombinant GPXH, we ex-
amined the binding of selenium to GPXH and its inﬂuence on the
enzymatic activity. We created a series of mutant GPXHs by
Fig. 1. Tricine-SDS-PAGE analysis of proteolytically digested GPXH. GPXH puriﬁed
from C. reinhardtii cells cultured with selenite was digested with endoproteinase
Arg-C, separated by Tricine-SDS-PAGE, and detected by silver staining. Lanes: 1 and
2, size markers; 3, puriﬁed intact GPXH; and 4, proteolytic fragments of GPXH. The
molecular weights of the size markers and GPXH peptides are given to the left and
the right, respectively, of each lane.
MANPEFYGLSTTTLSGQPFPFKDLEGKAVLIVNVASKCGFTPQYKGLEELYQQYKDR
GLVILGFPCNQFGGQEPGDASAIGEFCQR
NFGVTPTIMEKSDVNGNDANPVFKYLKSQKKQFMMEMIKWNFEKFLVDKSGQVVAR
FSSMATPASLAPEIEKVLNA
Peptide-1
Peptide-2
Peptide-3
Peptide-4
Fig. 2. Amino acid sequence of GPXH proteolytic products.After separation by
Tricine-SDS-PAGE (Fig. 1), four species of proteolytic products, Peptides 1–4, were
transferred to a PVDF membrane and separately recovered for identiﬁcation and
selenium quantiﬁcation. The numbers indicate the position of the amino acid re-
sidues relative to the N-terminal. Amino acid sequences experimentally de-
termined are underlined.
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Fig. 3. GPX assay of recombinant GPXH. Cell extracts were individually prepared
from selenium-supplemented E. coli expressing non-mutated normal GXPH and
three forms of mutant GPXH derivatives, Cys38Ser, Cys66Ser, and Cys84Ser, and
assayed for GPX activity. The mean values of ﬁve independent experiments7S.D.
are shown.
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Fig. 4. Selenium incorporation into recombinant GPXH protein. Non-mutated
normal GPXH and its Cys38Ser mutant derivative were individually puriﬁed to
homogeneity from selenium-supplemented E. coli expressing each construct, and
the protein-bound selenium was quantiﬁed. The mean values of four independent
measurements7S.D. are shown.
T. Takeda / Biochemistry and Biophysics Reports 4 (2015) 39–43 41replacing Cys-38, -66, or -84 with Ser, which were termed as
Cys38Ser, Cys66Ser, and Cys84Ser, respectively, as well as a non-
mutated normal GPXH recombinant. These constructs were ex-
pressed in bacterial transformants cultured with selenite to induce
GPX activity, and then crude enzyme solution was prepared for
each type of recombinant GPXH. Enzyme assay for GPX revealed
that Cys66Ser and Cys84Ser exhibit selenium-induced GPX activity
comparable with that of the normal recombinant, whereas the
activity in Cys38Ser is completely eliminated (Fig. 3). Wesubsequently puriﬁed the normal and Cys38Ser GPXH re-
combinants and compared their capacity to incorporate selenium.
As shown in Fig. 4, substitution of Cys-38 to Ser resulted in an 83%
decrease in selenium incorporation into the GPXH molecule. The
residual incorporation observed in the mutant GPXH could be
attributed to Cys-66 and Cys-84 that are considered to be much
less reactive to selenium modiﬁcation than Cys-38.
The present study indicates that selenium is almost exclusively
bound to Cys-38 of the GPXH protein at the post-translational
level, which most likely triggers activation of this enzyme. This
conclusion can be explained by the established fact that selenium
possesses a more powerful redox potential; hence, reacts much
faster with its substrate compared with sulfur. Moreover, this
ﬁnding is consistent with previous reports describing that re-
placement of the catalytic selenocysteine with Cys in mammalian
GPX led to a reduction in enzymatic activity by more than 99%
[30]; on the contrary, an amino acid substitution of native Cys for
selenocysteine at the active site of citrus GPX conferred a four-fold
higher peroxidase activity to this mutated enzyme [31]. To our
knowledge, our ﬁnding presents the ﬁrst evidence for the close
association between the enzymatic activity of plant GPX and its
Cys-targeted post-translational modiﬁcation with selenium, and
given the crucial importance of GPX in plant physiology, a similar
T. Takeda / Biochemistry and Biophysics Reports 4 (2015) 39–4342functional correlation is likely the case for other non-selenium
peroxidases.
Our additional interest is the chemical form of selenium bound
to Cys-38 of the GPXH protein. Stadtman and co-workers proposed
for several species of enzyme the formation of protein perselenide
(protein-S-Se-) as a product generated from post-translational in-
sertion of selenium into a reactive Cys residue of these enzymes
[32,33]. They postulated that the protein-bound selenium is then
released in the presence of reducing agents and transferred to an
as yet unidentiﬁed delivery pathway for further selenium meta-
bolism. Another laboratory presented a model to explain the se-
lenium-catalyzed oxidation of carbon monoxide (CO) at the active
domain of CO dehydrogenase [34,35]. In this case, an S-sela-
nylcysteine residue of this protein resulting from post-transla-
tional selenium incorporation, which is equivalent to the above
protein perselenide, is predicted to serve as the central component
in the catalytic reaction. On the basis of these reports, it is likely
that the selenium atom bound to catalytically essential Cys forms
such a perselenide derivative in the GPXH protein as well. Al-
though the biological signiﬁcance of the existence of GPXH apart
from the selenoprotein-type GPX in algae is unknown, post-
translational modulation of GPX activity would permit plants to
elicit a more ﬂexible and quick response in the face of environ-
mental perturbations, such as oxidative stress, for which exogen-
ous selenium is a key factor.4. Conclusions
This study highlighted the functional correlation between the
activity of algal non-selenium GPX and its selenium incorporation.
Here, externally added selenium was speciﬁcally bound to the
catalytic Cys of the GPX, and also this selenium-binding targeted
to the active site was found to be essential for GPX up-regulation.
Our ﬁnding will provide novel insight in the molecular under-
standing of plant defense mechanisms against oxidative damage.Acknowledgments
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